We report cryogenic high-pressure measurements of a defect-related emission at 1.25 eV in silicon-doped GaAs. The pressure measurements prove that the 1.25-eV photon energy is relative to the conduction band, implying a deep defect level 0.30 eV above the valence band and an electron-capture process from the conduction band into the defect. The defect level moves up in the band gap at a rate of 23~3 meV/tGPa. These results are consistent with a vacancy-related defect level, possibly stemming from a gallium-vacancy -siliconat-gallium (second-nearest-neighbor) defect complex.
Point defects occurring in semiconductors have been widely studied due to their technological relevance and because they pose numerous fundamental questions. Common to both issues is the position of defect-related levels introduced into the energy gap. In heavily doped semiconductors, the possibility that defect complexes that consist of native defects and substitutional dopant impurities exist in significant concentrations must be recognized. Identifying the microscopic defect origin of particular levels present in a semiconductor is an extremely challenging task. However, the study of plausible identifications of such defect signatures is important because any verifications facilitate examination and control of particular defect structures. %e present one such study in this paper.
The experimental techniques used to explore these problems are diverse. Two important and related techniques which have been used fruitfully to investigate defects are spectroscopy under uniaxial stress ' and under hydrostatic pressure.
Uniaxial stress measurements of defect-related states in GaAs are best used to break level degeneracies by lowering the symmetry of the defect, thereby splitting degenerate levels. Thc.~ain advantage of hydrostatic pressure as a means of perturbing a solid is that it isotropically decreases volume (i.e., interatomic spacing) in a bulk material. Shifts in energies are then due solely to the volume deformation induced by the pressure. In this paper we report on our use of hydrostatic pressure, in combination with low-temperature photoluminescence, to examine defect-related emission ob- reported were measured at 77 K. Photoluminescence spectra were generated with a 514.5-nm argon-ion laser light with the intensity at the sample maintained below 10 mW.
Photoluminescence spectra of three heavily silicon-doped gallium-arsenide samples are shown in Fig. 1 .As the silicon donor concentration increases, the spectra rapidly broaden and shift upward in energy. This band-filling effect is com- Above 4 GPa we observe that the emission photon energy diminishes with pressure. The approximate crossover pressure at which the two pressure behaviors (increasing below P, and decreasing above P, ) intersect is P, =3.9 GPa, which is the pressure at which the direct-indirect crossover occurs in pure GaAs. Fig. 1 (most  heavily doped) as the average energy of conduction-band electrons, we estimate that the defect level being probed is ED=0.30 eV above the valence band. This value is supported by the data above P"as will be discussed shortly.
Turning our attention to the pressure coefficient of the 1.25-eV band, we notice that 84+3 meV/GPa is substantially smaller than the rate at which the direct band gap of (2) is very close to the bulk GaAs value of 0.0708~0.0004
Gpa . Evidently, the defect level shifts relative to both the valence and conduction bands. The rate relative to either band edge is in approximate proportion to its separation from that edge. Shallow-donor levels are known to shift rigidly with the conduction band and shallow-acceptor levels shift with the valence band. The above pressure coefficient implies that the defect level shifts at a rate of approximately dED/dP=23~3 meV/GPa (i.e., it moves higher in the band gap with pressure). Since the X minimum moves closer in energy to the valence band, at a rate of dEx/dP= -13. 4+ 0.4 meV/GPa, the defect level and the X valley should approach each other at a rate of -36~3 meV/GPa (the energy difference between the defect level and the X conductionband minimum decreases with increasing pressure). If this implied pressure coefficient is used to extrapolate to P = 0 from the crossover in our data, then the separation between the X point and the defect level is estimated to be 1.70 eV.
The dashed line in Fig. 3 shows the pressure behavior of the defect emission implied by this analysis. Summing this with the ED=0.30 eV energy of the defect above the valence band, which was implied by the low-pressure behavior, we arrive at the accepted valence-band (I ) -conduction-band (X) indirect band gap of GaAs [Ex=2.010 eV (Ref. 19)].
The fact that our numbers sum to something slightly different than the I -X splitting is acceptable since, above P, , we would expect some band filling of the states which correspond to the X point in bulk material (shown in Fig. 4) .
Furthermore, the exact values of the two data points above P, should not be overemphasized -they serve primarily to determine the nature of the emission process. Taking these arguments into consideration, we feel the consistency of the pressure data is excellent.
One proposed origin for the defect-related emission studied here is a Vo, -Sio, (second-nearest neighbor, Fig. 4 ) pair complex.
The presence of a high concentration of these defects in our samples is reasonable. MBE growth allows for vacancy formation and the gallium vacancy would be an 1 hV =0.086 Gpa Vp AP
Presumably,
we observe the (+,0) electron-capture process, in which the neutral state is the SiG,-VG, defect (donor-acceptor, respectively). Samara, Vook, and Gibbons have studied the breathing-mode relaxation of the EL2 defect in GaAs, and find an implied volume deformation of 3. 7+. 3.0 A for electron capture. Their results support an arsenic antisite as the probable cause of the EL2 level. They prescribe a method for determining the volume deformation from defect-level pressure shifts. In the case of the Si&,-VG, defect, we are not dealing with a simple breathing-type deformation: the low symmetry introduced by the contraction around the silicon and the expansion around the vacancy is complicated. Nevertheless, using our pressure shift of dED/dP = 23~3 meV/GPa for the defect relative to the valence band, and using the absolute shift of the valence band under pressure of dE"/dP = 6~1 meV/GPa used by Ref. In conclusion, our experiment proves that the 1.25-eV photoluminescence comes from a conduction-band to defect radiative recombination. The defect level is approximately 0.30 eV above the valence band, a result that is consistent with the low-pressure (below the direct-indirect crossover near 4 GPa) and high-pressure data. The pressure coefficients are consistent with a deep defect level which shifts relative to both the valence and conduction bands. Our pressure data are consistent with a vacancy-related defect complex and support a previous suggestion that the 1.25-eV emission band is due to electron-capture luminescence by the VG,-SiG, defect.
